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Abstract
Background: Poly purine.pyrimidine sequences have the potential to adopt intramolecular triplex
structures and are overrepresented upstream of genes in eukaryotes. These sequences may
regulate gene expression by modulating the interaction of transcription factors with DNA
sequences upstream of genes.
Results: A poly purine.pyrimidine sequence with the potential to adopt an intramolecular triplex
DNA structure was designed. The sequence was inserted within a nucleosome positioned
upstream of the β -galactosidase gene in yeast, Saccharomyces cerevisiae, between the cycl promoter
and  gal 10  Upstream  Activating  Sequences  (UASg). Upon derepression with galactose, β -
galactosidase gene expression is reduced 12-fold in cells carrying single copy poly purine.pyrimidine
sequences. This reduction in expression is correlated with reduced transcription. Furthermore, we
show that plasmids carrying a poly purine.pyrimidine sequence are not specifically lost from yeast
cells.
Conclusion: We propose that a poly purine.pyrimidine sequence upstream of a gene affects
transcription. Plasmids carrying this sequence are not specifically lost from cells and thus no
additional effort is needed for the replication of these sequences in eukaryotic cells.
Background
Stretches of poly purine.pyrimidine (poly pur.pyr) se-
quences are overrepresented in the eukaryotic genome
[1,2] and often positioned upstream of genes [3,4]. Many
eukaryotic genes contain a poly pur.pyr box upstream of
the coding region [5]. Transcription factors may interact
specifically with those regions as occurs upstream of the
Drosophila hsp26 gene [6,7] where transcription is en-
hanced during a heat shock.
Under torsional stress poly pur.pyr sequences have the
potential to adopt an intramolecular triplex formation as
HY-3 and H-Y5 [8–10]. A proposed triplex model fits
with the regular poly pur.pyr tract with mirror symmetry
[11] around a loop sequence. Shimizu et al. [10] have
shown that base composition in loop sequences affects
intramolecular triplex formation while orientation of the
insert in supercoiled plasmid has no effect on isomerisa-
tion of the two types of triplex DNA. Nonmirror symmet-
ric poly pur.pyr sequences can also adopt an
intramolecular triplex structure [12].
The in vivo existence of poly pur.pyr sequences as an in-
tramolecular triplex has been detected in Escherichia
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coli [13,14]. Modulation of gene expression by insertion
of designed poly pur.pyr sequences within the E. coli
genes [15,16] and upstream of a gene in mouse cells has
been demonstrated [17]. Poly pur.pyr sequences in active
regions of transcription form a DNA-RNA hybrid triplex
and make the template transcriptionally inert [18]. Poly
homo purine.pyrimidine sequences stop in vitro replica-
tion and pause in vivo replication when cloned into a
plasmid under the control of the SV40 promoter [19]. Pe-
leg et al. [20] showed that the unwinding activity of the
SV40 large T-antigen helicase is decreased in the pres-
ence of a triple helix in vitro. When the triplex structure
is stabilized with BeP1 [benzo(c) pyridoindole], replica-
tion elongation is inhibited in plasmids by prokaryotic
DNA polymerase [16]. Friedreich Ataxia-associated poly
pur.pyr expansion (GAA.TTC) when cloned in plasmids,
shows inhibition of transcription and replication in cos-
7 cells [21]. However, structural aspects of the poly
pur.pyr sequences as intramolecular triplex DNA and
their role in different biological processes in transcrip-
tion regulation, replication, recombination and interac-
tion with the nucleosome in vivo have not been fully
determined [3].
A systematic search for poly pur.pyr sequences within
yeast chromosome III indicates that they frequently oc-
cur upstream of yeast genes [4]. The presence of these se-
quences in the promoter regions suggests they are
involved in gene regulation. Here, we examine the effect
of poly pur.pyr sequences on gene regulation in a position
(UASg), upstream of the β -galactosidase gene where en-
hancer proteins are known to disrupt nucleosomes to ac-
tivate transcription initiation. The E. coli (β -galactosidase
gene is under the control of upstream activating sequenc-
es of gall-gal 10 and the cycl promoter (Fig. 1). Yeast cells
carrying this plasmid [22] grow normally within medium
supplemented with glucose as the carbon source and do
not express (β -galactosidase (repressed state). When cells
are transferred to a medium containing galactose (dere-
pression), two proteins, Gal4 and Gal80, are expressed
from chromosomal genes, disrupt nucleosomes, bind at
the UASg and activate transcription [23,24]. We inserted
poly pur.pyr sequences and a duplex control sequence
within a positional nucleosome at the XhoI site between
the UASg and the cycl promoter.
Results
Poly pur.pyr sequences affect gene expression in yeast 
cells
A 61-mer Xho1-Xho1 fragment containing a 58-mer poly
pur.pyr sequence with a loop sequence at the center ca-
pable of adopting a triplex DNA structure was designed
(Fig. 2). The fragment was cloned (single copy,
pAMTS61; multiple copies, pAMTM61a, pAMTS61b,
pAMTMR61; Fig. 3a) into the Xho1 site of pLGSDS36.
The latter differs from the original pLGSD5 [22,25] in
having a polylinker. A random sequence of the same
length that will take up a normal duplex structure was
designed and included in the study (pAMDC61).
We have taken advantage of the induction system of the
β -galactosidase gene under the control of gall-gal 10
UASg. Upon derepression with galactose, enzyme ex-
pression is reduced about 12–50 fold (Fig. 3b and table
3c) in cells carrying single to multiple copies of poly
pur.pyr inserts containing plasmids compared with du-
plex-carrying plasmids. No marked differences were ob-
served in the enzyme activities in cells containing
pLGSDS36 (480 units) and pAMDC61 (485 units) (i.e.
insertion of extra DNA sequences of the same length as
the poly pur.pyr sequence or separation of adjacent DNA
sequences around the Xho1 site has no effect on β -galac-
tosidase expression). Therefore, the presence of the poly
pur.pyr sequence in the plasmid causes a reduction in β -
galactosidase expression during derepression.
Figure 1
A β -galactosidase expression system in yeast. The E. coli β -
galactosidase gene is under the control of gall-gal 10 UASg
and the cycl promoter. In glucose medium, this gene is not
expressed and remains repressed, while activated in galac-
tose medium by the expression of chromosomal proteins
Gal4 and Gal80. The Gal4-Gal80 complex disrupts nucleo-
somes and binds DNA at UASg to activate transcription.BMC Molecular Biology 2001, 2:11 http://www.biomedcentral.com/1471-2199/2/11
Reduced gene expression is correlated with reduced tran-
scription
After derepression with galactose, transcripts of the β -
galactosidase gene were analyzed and quantitated from
yeast cells carrying pAMTS61 and pAMDC61. Cells were
aliquoted during the expression measurement (Table 3c)
at OD600 = 1. For northern blot analysis, total cellular
RNA was hybridized with the 4.8 kb EcoR1 fragment car-
rying the ura3 and lacZ genes. There was reduced β -ga-
lactosidase  (lacZ) transcript (Fig. 4b lane 2) in cells
carrying pAMTS61 compared with cells carrying
pAMDC61 (lane 1). There was 10-fold less transcript in
cells harboring pAMTS61 (single copy poly pur.pyr se-
quence lacZ band/ura3 band = 0.05) than those harbor-
ing pAMDC61 (normal duplex lacZ band/ura3 band =
0.5). There was about a 12-fold reduction in β -galactosi-
dase expression in cells carrying the poly pur.pyr se-
quence (42 units) compared with cells carrying the
duplex (485 units). Measurements of protein and tran-
script indicate that reduced expression in cells carrying
the poly pur.pyr sequence is almost correlated with re-
duced transcription.
Poly pur.pyr insert carrying plasmids are not specifically 
lost from the cells
To determine whether plasmids carrying the poly
pur.pyr sequence are specifically lost from cells after
subsequent generations of growth in nonselective medi-
um, plasmid stabilities and copy numbers were meas-
ured. Yeast cells do not maintain [26] these
minichromosome vectors in 100% efficiency and typical-
ly 80–90% of cells carry these plasmids in high copy
number (20–30 copies/cell) after transformation. Cells
loose plasmids slowly during subsequent generations of
growth in nonselective medium. However, it has been
shown that when replication is impaired at the plasmid
origin, copy number/cell rapidly decreases during subse-
quent culture (within 10–25 generations) and cells com-
pletely loose the plasmid [26]. The percentage of cells
maintaining plasmids is denoted as % stability. The %
stability of each plasmid could be quantitated by the loss
of a marker (ura3) from the cells, which will not grow in
minimal medium devoid of uracil (CM-URA).
If replication of poly pur.pyr sequences in the plasmid
were affected, a reduction in stability as well as in copy
number would be expected [26] typically within 15–20
generations of growth. Figure 4a shows little difference
in stabilities. Almost equal stability has been observed in
both the cases after 20 generations of growth (i.e. cells
are not preferentially loosing plasmids carrying a poly
pur.pyr sequence). The copy number (Fig. 4c) of plas-
mids carrying a poly pur.pyr sequence (copy number,
2.6) compared with those carrying a duplex (copy
number, 2.2) after 20 generations of growth does not dif-
fer significantly. If replication of the plasmid is impaired,
a marked decrease in copy number of plasmids carrying
a poly pur.pyr sequence would have been observed.
These results suggest that plasmid replication may not
be significantly reduced or affected by the presence of a
poly pur.pyr sequence.
Figure 2
Poly purine, duplex sequences and construction of yeast
expression vectors with these sequences. (a) Poly pur.pyr
and duplex control sequences flanked by a Xho1 site were
cloned at the junction of the cycl promoter and UASg.
Figure 3
Measurement of β -galactosidase expression in the yeast cells.
(a) Clones generated are: single copy, pAMTS61; multiple
tandem copies, pAMTM61a (4 copies); pAMTM61b (5 cop-
ies), multiple, 3 tandem and 1 reverse copy, pAMTMR61; sin-
gle copy 61-mer duplex sequences, pAMDC61. (b) Graph
showing β -galactosidase expression in yeast cells carrying dif-
ferent plasmids in the growth phase. After transferring cells
from glucose to galactose medium, aliquots of culture were
removed and (β -galactosidase expression measured intermit-
tently from starting point of culture to the exponential phase
of growth. Numbers in parentheses represent transformants
from two separate clones. The experiments were repeated
at least 5 times for all transformants and best curves are
shown for each. The maximum error observed was ± 5 units,
(c) Table shows the number of independent transformants
tested for β -galactosidase expression at OD600 = 1. Activity
unit is corrected in all instances by the plasmid maintenance
factor (stability).BMC Molecular Biology 2001, 2:11 http://www.biomedcentral.com/1471-2199/2/11
Discussion
Poly pur.pyr sequences affect β -galactosidase expression
The yeast expression system has been used to illustrate
the role of poly pur.pyr sequences in gene expression
where the β -galactosidase gene is under the control of
the cycl promoter and gall-gal 10 UASg.
The poly pur.pyr sequence designed has the potential to
form an intramolecular triplex DNA structure and mimic
sequences present naturally in the upstream region of
various genes in yeast genome. Reduced β -galactosidase
expression is due to reduced transcription initiation and
poly pur.pyr sequences are involved in transcription ini-
tiation in vivo. The 61-mer sequence containing the poly
pur.pyr sequence is S1 nuclease sensitive in supercoiled
plasmid in vitro [27]. In addition to their presence in the
S. cerevisiae genome, loop sequences containing poly
pur.pyr stretches are also known to be present upstream
of various genes in eukaryotes [4,28,29] and are impli-
cated to be involved in gene regulation.
It has been reported that poly pur.pyr sequences within
genes down-regulate gene expression in E. coli [15]. A
homogenous d (CT) n. d (AG) n stretch (which does not
form an intramolecular triplex in vivo) together with
Heat Shock Elements (HSE) upstream of the Drosophila
hsp26 gene plays an integral role in resetting chromatin
structure [6,7]. It is possible that heat shock facilitates
nucleosome disruption from tightly bound dCT.dAG
stretch by GAGA transcription factor [30] and transcrip-
tion initiation occurs upon binding with Heat Shock Fac-
tors (HSF). The fine-tuning of eukaryotic gene regulation
also depend upon the DNA sequences located upstream
of genes. The decreased transcription, observed in yeast
cells, in this study, may be due to the presence of poly
pur.pyr sequences that might bind more tightly to a po-
sitional nucleosome(s) present at the junction of UASg
and the cycl promoter [23] than the control DNA se-
quences. This binding of nucleosome with a poly pur.pyr
sequence may inhibit the binding of protein factors
[24,31] on the DNA. Here, poly pur.pyr and duplex se-
quences are inserted in DNA where a positional nucleo-
some is reorganizable and is normally disrupted before
transcription initiation by the Gal4-Gal80 complex. We
analyzed the fate of this nucleosome in vivo during re-
pression with glucose and derepression with galactose in
both duplex- and poly pur.pyr-carrying cells (unpub-
lished observation). Preliminary results suggest that the
single copy poly pur.pyr sequence binds with the posi-
tional nucleosome with higher affinity than the normal
duplex sequence and inhibits disruption by the Gal4-
Gal80 complex before transcription initiation. Also, in
multiple tandem copies the poly pur.pyr sequence
(pAMTAM61a) keeps the nucleosome binding and inter-
estingly disruption of nucleosome occurs from the in-
verted orientation of the poly pur.pyr sequence
(pAMTMR61) at the other end. From these data, the re-
duced gene expression may be explained in the context of
nucleosome binding with the poly pur.pyr sequence and
a model is presented (Fig. 5). However, this observation
is contrary to the evidence that an intermolecular triplex
repels the nucleosome in vitro [32]. We believe that at-
traction or repulsion of the nucleosome in vivo depends
on the different poly pur.pyr sequences and their confor-
mation at the nucleosomal surface (i.e. as an intramo-
lecular triplex). This sequence forms an intramolecular
triplex in vitro [27], however its conformation in vivo re-
quires further investigation.
No large decrease in stability and copy number of plas-
mids carrying the poly pur.pyr sequence was observed
during subsequent generations of growth suggesting that
the presence of this sequence does not affect replication
in eukaryotic cells unlike the observation of Duval-Val-
entine et al. [16] where prokaryotic DNA polymerases
pause during replication in vitro. This supports the sug-
Figure 4
Stability, copy number and northern blots showing β -galac-
tosidase expression in duplex and triplex carrying cells. (a)
Stabilities of pAMDC61- and pAMTS 61-carrying cells are
shown upto 24 generations. A graph depicting the percent-
age of stabilities for both plasmids is presented. After subse-
quent generations of growth, both type of plasmids show
almost equal stabilities and stability of triplex carrying plas-
mids do not fall drastically (b) Copy number of cells carrying
plasmids containing duplex and poly pur.pyr sequences. Lane
1, lambda/HindIII; lane 2, pAMDC61; lane 3, pAMTS61. (c)
Northern blot of total RNA from duplex- and triplex-carry-
ing cells. Duplex-carrying cells have 10-fold higher level of β -
galactosidase expression than triplex carrying cells.BMC Molecular Biology 2001, 2:11 http://www.biomedcentral.com/1471-2199/2/11
gestion that no extra effort is needed by DNA polymeras-
es to replicate such sequences that are abundant in the
genome of eukaryotes. A plausible explanation is that the
intramolecular triplex structure does not exist on naked
DNA in eukaryotes rather such looped structure exists on
the nucleosomal surface [33] and as replication pro-
ceeds, the nucleosome makes way [34] for the DNA
polymerase, the intramolecular triplex structure resolves
into duplex DNA and facilitates replication. It is possible
that extra replication machinery in eukaryotic cells could
resolve the intramolecular structure during replication.
It has been observed that the SV40 large T-antigen has
the unwinding capacity of intramolecular triplex during
replication [35] in vitro and replication termination in
poly dT tract is relieved by mitochondrial single-strand
binding proteins [36]. It would be interesting to investi-
gate whether these sequences form an intramolecular
triplex structure at the nucleosomal surface in vivo. Fur-
ther characterization of superhelical stress and other
conditions of adopting an intramolecular triplex struc-
ture in the chromosome of eukaryotes are under investi-
gation [27].
Materials and Methods
Strains
Saccaromyces cerevisiae strains [26] 8534-10A (Cir+
mat a ura3-52, leu2-3 his 4Õ34) and (cir ° Mat a ura3-
52, leu2-3 his 4534) were used in the study. Escherichia
coli strain HB101 was used in all cloning procedures.
Design and cloning of poly pur.pyr stretch with a loop se-
quence
pLGSD5 [22,25] is a yeast expression vector containing
the β -galactosidase gene under the control of the up-
stream activating sequence of gall-gal 10 (UASg) and the
cycl promoter. A multiple cloning site containing a 36 bp
poly linker is cloned at the BamH1 site in the 5' of β -ga-
lactosidase gene to create pLGSDS36.
The 61-mer sequence containing a 58-mer poly pur.pyr
sequence flanked by a XhoI site was synthesized and
cloned at the XhoI site (-154 bp from translation start
site; -130 bp from transcription initiation site) of
pLGSDS36 at the junction of UASg and the CYC1 pro-
moter to create pAMTS61 (single copy), pAMTM61 (a
and b; multiple tandemly repeated; 4 and 5 copies) and
pAMTMR61 (3 copies tandemly and 1 copy reversibly re-
peated) (Fig. 3a). The status and copy numbers were
confirmed by restriction mapping and sequencing. A 61-
mer duplex sequence flanked by a XhoI site was also syn-
thesized and cloned at the XhoI site of pLGSDS36 to cre-
ate pAMDC61.
β -galactosidase assay
β -galactosidase expression was measured in transform-
ants grown in glucose medium (repressed state) and in
galactose medium (derepressed state). Yeast cells trans-
formants carrying the plasmids were grown in 10 mL of
complete medium (YEPD) in the presence of glucose
(2%) as the carbon source. After exponential growth,
cells were centrifuged and resuspended in medium (500
mL) containing galactose (2%) as a carbon source to ac-
tivate transcription. At specific time intervals during ex-
ponential growth beginning when the cells were
transferred to galactose medium (OD600 about 0–0.04),
(β -galactosidase expression was measured in aliquots of
culture. Fewer cells (10 mL, OD600 = 2) were transferred
to a large volume (500 mL) to allow the cells more divi-
sions in galactose medium to attain subsequent growth
to deplete the internal cellular glucose, which may par-
tially repress transcription in their initial phase of
Figure 5
A model is suggested for the reduction of β -galactosidase
gene expression in the presence of a poly pur.pyr sequence.
Before transcription initiation, nucleosome disruption is nec-
essary from DNA sequences by the Gal4-Gal80 complex.
This protein complex may not disrupt the nucleosome from
the single copy and tandemly repeated multiple copy poly
pur.pyr sequence due to the higher affinity of binding with
the nucleosome while these may disrupt nucleosomes from
normal duplex carrying sequences and from the inverted ori-
entation of the poly pur.pyr sequence. It is possible that the
single and tandem multiple copy of the poly pur.pyr sequence
may form an intramolecular triplex while inverted orienta-
tion disrupts the structure.BMC Molecular Biology 2001, 2:11 http://www.biomedcentral.com/1471-2199/2/11
growth in galactose. (β -galactosidase expression was
measured as described by Reynolds and Lundablad [37]
and expressed in Miller's unit [38]. An aliquot of culture
was plated on complete medium (YEPD) and replica
plated onto minimal medium (CM-URA) to determine
the percentage of cells carrying plasmids (% stability).
Actual (β -galactosidase activities were obtained by mul-
tiplying average (β -galactosidase activity with the stabil-
ity factor of each plasmid.
Stability and copy number determination
Plasmid stabilities and copy numbers were determined
essentially as described earlier [26]. Transformants car-
rying plasmids containing the poly pur.pyr sequence and
the duplex sequence were grown in YEPD (rich medium)
from a single colony to saturation and plated on YEPD
plates after dilution. After sufficient growth, plates were
replica plated onto CM-URA synthetic medium.
% Stability = (Number of colonies grown in CM-URA /
number of colonies grown in YEPD) ×  100.
Plasmid copy number was determined by quantifying
ura3, which is present in single copy in yeast genome
and presence of it in the multicopy plasmids. Total celull-
ar DNA from yeast transformants was digested with
Hindlll. A Southern blot was performed on the digested
DNA using a 1.1 kb ura3 fragment as a probe. Autoradi-
ograms were scanned using an Ultroscan Broma Laser
Densitometer and average plasmid copy number was de-
termined as the ratio of the area of ura3 on the plasmid
band (8.2 kb coming from the multicopy plasmid) to the
chromosomal band (2.0 kb; single copy). Actual copy
number was determined by multiplying with the stability
factor of each plasmid maintenance (actual number of
cells carrying the plasmid).
Isolation of total RNA and northern hybridisation
Total celullar RNA was isolated by the hot phenol meth-
od [39] from each culture (grown in selective media with
2% galactose) of cells carrying pAMTS61 and pAMDC61.
An equal amount of RNA was run in a MOPS-formalde-
hyde agarose gel and transferred to a nylon membrane
with 20 ×  SSC. A 4.8 kb EcoR1 fragment carrying the en-
tire lacZ and ura3 genes of pLGSDS36 was labeled with
alpha-32P dATP by random priming and used as a probe
for hybridization at 42°C in 5 ×  SSC, 50% formamide. Fil-
ters were washed twice with 2 ×  SSC (37°C) for 15 min
and twice with 0.5 ×  SSC (42°C) and autoradiographed.
Autoradiograms were scanned and the ratio of the inten-
sities of lacZ transcripts to ura3 transcripts was calculat-
ed.
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